In anthropoid primates, SETMAR is a fusion between a methyltransferase gene and a 3 0 domesticated DNA transposase. SETMAR has been found to be involved in several 3 1 cellular functions including regulation of gene expression, DNA integration and DNA 3 2 repair. These functions are thought to be mediated through the histone 3 3 methyltransferase, the DNA binding and the nuclease activities of SETMAR. To better 3 4
Introduction
KDM2A and KDM2B, two histone demethylases involved in the removal of H3K36 9 8 methylation (19, 20) . However, a recent study did not observe an increase in 9 9
H3K36me2 around DSB sites (21) .
To better understand the functions of SETMAR in NHEJ, we produced several U2OS 1 0 1 cell lines expressing different SETMAR constructs to test the role of the SET and MAR 1 0 2 domains and the methyltransferase, DNA binding and nuclease activities of SETMAR in 1 0 3 illegitimate DNA integration and repair. We found that expression of the SET and MAR 1 0 4 domains, but not of wild type SETMAR, affect DNA integration and repair. SETMAR 1 0 5 methyltransferase activity is required for an efficient DNA repair but we did not observe 1 0 6 any role for the putative nuclease activity of SETMAR. We hypothesize that the The T-Rex-U2OS cell lines were maintained in complete Dulbecco's modified Eagle's interest from an integrated pcDNA4TO plasmid was supplemented with 400 μ g/ml of quarter of the cells were transferred to 100 mm dishes and the medium supplemented 1 3 1 with 400 μ g/ml of zeocin (Invivogen). After 2 weeks of selection, single foci were picked 1 3 2 and grown in a 24-well plate. The expression of the gene of interest was verified in each 1 3 3 cell line by inducing the PCMV promoter with doxycycline at a final concentration of 1 1 3 4 μ g/ml for 24 hours. The list of cell lines used in this study is presented in Table 1 . to a polyvinylidene difluoride (PVDF) membrane, which was blocked in 5% milk or BSA 1 5 0 (Roche) and incubated with specific primary antibodies at 4°C overnight. After washing, were observed using a Carl Zeiss Axiovert S100 TV Inverted Microscope with an HBO 1 7 5 100 illuminator. The transfection efficiency was found to be similar between the different 1 7 6 cell lines. Prior to transfection, the pEGFP-Pem1-Ad2 plasmid was digested overnight with HindIII 1 8 0
or I-SceI. The digested plasmids were heat-inactivated and column-purified before all the cell lines are reported as a percent of the control cell lines. It was previously observed that SETMAR overexpression increases the growth rate of 1 9 7 the HEK293 and HEK293T cell lines (22) . Conversely, SETMAR depletion by RNA 1 9 8 interference or CRISPR/Cas9 knock-out was found to decrease the growth rate of THP-1 9 9
1 and DLD-1 cancer cells, respectively (23, 24). We previously shown that a U2OS cell 2 0 0 line mildly overexpressing SETMAR that SETMAR is involved in the regulation of the 2 0 1 expression of a broad set of genes (7). However, we did not found an enrichment for 2 0 2 genes involved in cell cycle (7). To determine whether altering SETMAR expression one cell line expressing the SET domain only ( Fig 1A) . The expression level of the SET 2 0 6 domain or SETMAR was determined by western blotting using an anti-FLAG antibody to 2 0 7 allow the comparison between the cell lines. The growth rate was determined by 2 0 8 counting the number of cells across a period of eight days ( Fig 1B) . A small but 2 0 9 significant decrease in cell proliferation was observed for most of the cell lines 2 1 0 overexpressing SET or SETMAR after 5 to 6 days. To improve our understanding of SETMAR roles in illegitimate DNA integration and the 2 2 2 NHEJ pathway, we produced several U2OS cell lines stably overexpressing wild type, 2 2 3 truncated or mutant version of SETMAR (Fig 2A and functions as a dimer in the cell with the transposase domain providing the whole dimer should therefore produce dimers of two mutant monomers and dimers containing wild 2 2 8 type and mutant monomers. Dimers with two wild type monomers are the less likely so 2 2 9
SETMAR activity in the cell should be hindered by the overexpression of the mutants.
The expression level of each cell line was determined by western blotting using anti-2 3 1 SETMAR and anti-FLAG antibodies ( Fig 2B) . An anti-FLAG antibody was used for the acids of SETMAR was used to determine their expression level. anti-FLAG and anti-β-tubulin antibodies. The cell lines are described in Table 2 . 
Full name
Abbreviation Expression level
The two control cell lines, TO and TOF, express only the endogenous SETMAR. We To gain a better understanding of SETMAR functions in the NHEJ pathway, we used a 3 0 4
previously described in vivo DNA repair assay (28). This assay is based on two has been integrated in the intron abolishing the GFP activity ( Fig 4A) . The Ad2 exon is compatible or incompatible ends, respectively ( Fig 4B) . These two types of ends require plasmid by the NHEJ pathway restores the GFP ORF making the cell green ( Fig 4C) .
The repair events were detected by flow cytometry measuring at least 10,000 cells per 3 1 5
assay. The repair efficiency was calculated as the ratio of green and red cells over the 3 1 6 total number of red cells, thus normalizing the transfection efficiency between cell lines. repair by the NHEJ pathway. construct by HindIII or I-SceI generates respectively compatible and incompatible ends. successful intracellular repair will restore the GFP expression that can be quantified by For normalizing between the biological replicates, we calculated for each replicate the 3 3 6 ratio of the repair efficiency of each cell line relative to their respective control cell line.
The average ratio from three independent experiments is presented in Fig 4D. The SM2 lines were compared to TOF to take into account any possible effect of the Flag tag. results for this assay (28). results obtained in the cell-extract assays ( Fig 4D) (14) . A slight but non-significant compatible ends decrease is statistically significant, supporting a role for SETMAR domains have an effect on DNA repair and integration but not wild type SETMAR. In reduces the growth rate after six to seven days. This could possibly be a non-specific 3 7 7 effect, as protein overexpression per se is known to reduce growth rate (29). It is also 3 7 8
possible that a strong reduction or increase in SETMAR expression is required to 3 7 9 observe a change in cellular proliferation. Indeed, our cell lines have been selected for a 3 8 0 2 0 modest overexpression of SETMAR rather than a strong one. Furthermore, we did not 3 8 1
observe an enrichment in cell cycle related genes in the genes differentially expressed 3 8 2 upon SETMAR modest overexpression (7).
The DNA repair and the DNA integration assays used in this study rely on the NHEJ 3 8 4
pathway. The current model of plasmid integration is based on the group of proteins 3 8 5 from classical NHEJ (11). This is supported by the idea that for the cell, DNA repair or to integrate DNA (30, 31).
9 2
Linearization of a plasmid is required before its integration in the genome (11). However, a linearized plasmid is more likely to be repaired than to be integrated. Indeed, the probability for the DNA repair complex to find the other plasmid end is 3 9 5
higher than being near a genomic lesion due to physical continuity of the plasmid DNA, which ensures that the two ends can never be very far apart. Therefore, promotion of can estimate the frequency of re-circularization as at least 65% (S1 Fig) illegitimate DNA integration (Fig 3B and 4D) . In our assays, both DNA repair and integration are supposed to be dependent on the NHEJ pathway, consistent with a role 4 2 5
for the ancestral SET gene in this pathway. However, the mechanism by which the SET 2 3
to remember that in our system the endogenous SETMAR is still expressed and the integration (Fig 3B and 4D) . In contrast, a medium overexpression of the affect DNA repair and integration (Fig 3B and 4D) . The absence of effect of the N210A rather than active methylation (19, 20) . In contrast, a recent study did not found any 4 6 6 increase in H3K36me2 at a DSB site but found instead an increase in H3K36me3 (21).
6 7
We recently found that SETMAR N210A mutant was decreasing the bulk level of would affect the repair efficiency by the NHEJ pathway. We must however stress that An interesting question is why the SET and the MAR domains have an effect on DNA 4 7 6
repair and integration but not the wild type SETMAR? A possibility is that the 4 7 7 endogenous level of SETMAR in U2OS cells is already sufficient for an efficient DNA 4 7 8
repair and therefore increasing wild type SETMAR level will not affect the NHEJ is fused to the Hsmar1 transposase ( Fig 5) . The 5' donor site is present in primates and 4 9 2 other several mammals but the acceptor site is only found in anthropoid primates, abolishes the acceptor site. The marmosets also lost their 5' donor site but another less 7. Tellier M, Chalmers R. Human SETMAR is a DNA sequence-specific histone-
methylase with a broad effect on the transcriptome. Nucleic Acids Res. 2018. Expression levels of the human DNA repair protein metnase influence lentiviral genomic 5 3 9
integration. Biochimie. 2008;90(9):1422-6. promotes DNA repair through inhibition of histone H3 demethylation. Nat Cell Biol. A, Representation of the integration assay. Cells are transfected with a circular plasmid encoding a neomycin resistance gene. For integration to occur through the NHEJ pathway, the plasmid needs to be linearized by a DSB and a plasmid free end has to be in close vicinity of a genomic DSB. The linearized plasmid can also be repaired, which re-circularized the plasmid, or be degraded. Following G418 treatment for two weeks, surviving cells form foci which can be detected by methylene blue staining. B, Number of illegitimate integration events in the genome of a circular plasmid encoding a neomycin resistance gene. Average ± S.E.M. of 3 biological replicates. Statistical test: paired t-test, * p-value < 0.05, ** p-value < 0.01. C, Representative pictures of integration plates. The integration rate for each cell line is indicated below each picture. A, The reporter construct, pEGFP-Pem1-Ad2, is composed of a GFP cassette flanked by a PCMV promoter and a SV40 poly(A) sequence. The GFP coding sequence is interrupted by a 2.4 kb intron containing an adenovirus exon (Ad). The Ad exon is flanked by HindIII and I-SceI restriction sites. The donor (DS) and acceptor (AS) splicing sites are shown. B, HindIII and I-SceI restriction sites are respectively composed of a palindromic 6-bp and a non-palindromic 18-bp sequence. Digestion of the reporter construct by HindIII or I-SceI generates respectively compatible and incompatible ends. C, The presence of the Ad exon in the GFP ORF inactivates the GFP activity thus making the cell GFP negative. Removal of the Ad exon by HindIII or I-SceI followed by a successful intracellular repair will restore the GFP expression that can be quantified by flow cytometry. Adapted from (28). D, DNA repair efficiency of a linearized plasmid with compatible (HindIII) or incompatible (I-SceI) ends in the different cell lines relative to the control cell line (TO or TOF). Average ± S.E.M. of 3 biological replicates. Statistical test: paired t-test, * pvalue < 0.05, ** p-value < 0.01, *** p-value < 0.001. A, The human SETMAR gene encodes two major isoforms, the full-length protein (isoform 1) and a truncated protein (isoform 2). The second isoform is methyltransferase deficient because of the deletion of the majority of the SET and post-SET domains. Canonical donor site (DS), lariat branch points (LBP), and acceptor splicing site (ASS) are present in the second exon of SETMAR. The top brackets represents the exon codons. B, Phylogenetic tree of SETMAR second exon in several mammals. The 5' donor site is found in all primates except for the marmoset (see 4) but should have appeared before the appearance of primates because of his presence in several non-primates mammals. The 3' acceptor site is specific to anthropoid primates except for the old-world monkeys which lost it with a single point mutation.
Figure 5

